The bipolar kinesin-5 Cin8 switches from minus-to plus-end-directed motility under various conditions in vitro. The mechanism and physiological significance of this switch remain unknown. Here, we show that under high ionic strength conditions, Cin8 moves towards and concentrates in clusters at the minus ends of stable and dynamic microtubules. Clustering of Cin8 induces a switch from fast minus-to slow plus-end-directed motility and forms sites that capture antiparallel microtubules (MTs) and induces their sliding apart through plus-end-directed motility. In early mitotic cells with monopolar spindles, Cin8 localizes near the spindle poles at microtubule minus ends. This localization is dependent on the minus-end-directed motility of Cin8. In cells with assembled bipolar spindles, Cin8 is distributed along the spindle microtubules. We propose that minus-end-directed motility is required for Cin8 clustering near the spindle poles before spindle assembly. Cin8 clusters promote the capture of microtubules emanating from the neighboring spindle poles and mediate their antiparallel sliding. This activity is essential to maximize microtubule crosslinking before bipolar spindle assembly and to induce the initial separation of the spindle poles.
INTRODUCTION
The conserved kinesin-5 mitotic motors perform essential functions in bipolar mitotic spindle assembly and elongation. These motors are organized as homo-tetrameric bipolar complexes with two pairs of motor domains located at opposite sides of a 60 nm long minifilament (Gordon and Roof, 1999; Kashina et al., 1996; Scholey et al., 2014) . This organization enables kinesin-5 motors to crosslink and slide apart antiparallel microtubules (MTs) Kapitein et al., 2005) , and to perform essential functions in the assembly and maintenance of the bipolar mitotic spindle (Asraf et al., 2015; Blangy et al., 1997; Mayer et al., 1999; Saunders and Hoyt, 1992) , as well as anaphase spindle elongation Gerson-Gurwitz et al., 2009; Movshovich et al., 2008; Sharp et al., 1999; Straight et al., 1998) .
In contrast to the plus-end-directed motility expected for kinesins with N-terminal motor domains, the Saccharomyces cerevisiae kinesin-5 Cin8 undergoes minus-end-directed motility along single MTs Roostalu et al., 2011; Thiede et al., 2012) and switches motility direction towards the plus ends of the MTs as a function of ionic strength, in a multi-motor gliding assay or upon binding two antiparallel MTs Roostalu et al., 2011) . A large insert in loop 8 (L8) of the motor domain of Cin8, its C-terminal tail and phosphorylation at the catalytic domain of Cin8 have been found to influence Cin8 directionality (Duselder et al., 2015; Gerson-Gurwitz et al., 2011; Shapira and Gheber, 2016) . However, the mechanism of the minusend-directed motility of Cin8 and its ability to switch directionality remain poorly understood. Recently, two additional yeast kinesin-5 motors have been reported to be bi-directional, the S. cerevisiae kinesin-5 Kip1 (Fridman et al., 2013) and the Schizosaccharomyces pombe Cut7 (Edamatsu, 2014) . These findings indicate that minusend-directed motility in kinesins with N-terminal motor domains may be more common than previously believed.
Plus-end-directed motility of kinesin-5 motors is required for the sliding apart of interpolar spindle MTs (iMTs) and to provide the outward-directed force to separate the spindle pole bodies (SPBs) during spindle assembly and anaphase spindle elongation (Kapitein et al., 2005; Movshovich et al., 2008; Saunders and Hoyt, 1992; Saunders et al., 1995) . Thus far, a possible physiological role for the minus-end-directed motility of Cin8 and other kinesin-5 motors has not yet been proposed. Here, we studied the motile properties of single Cin8 motors and of Cin8 clusters, and examined Cin8-induced capturing and sliding apart of antiparallel stabilized and dynamic MTs. We also examined the intracellular localization of Cin8 before and following spindle assembly. Based on our results, we propose a revised model for the physiological function of Cin8 in S. cerevisiae spindle assembly. In this model, before spindle assembly, Cin8 undergoes minus-end-directed motility along nuclear MTs and clusters near the SPBs. This clustering promotes capturing and plus-end-directed sliding apart of spindle MTs emanating from different SPB poles, thus providing the initial SPB separation required for spindle assembly.
RESULTS

Cin8 clustering slows motility and induces a switch of directionality
We studied the single-motor motility of full-length Cin8 tagged with three GFP molecules (Cin8-3GFP) along fluorescentlylabeled polarity-marked MTs, stabilized by a non-hydrolyzable GTP analog, GMPCPP. In these polarity-marked MTs, plus ends were marked by polymerizing αβ-tubulin labeled with two different fluorophores (Fig. 1A , MTs 1, 4 and 5). In accordance with previous reports (Duselder et al., 2015; Gerson-Gurwitz et al., 2011; Roostalu et al., 2011; Shapira and Gheber, 2016) , the majority of Cin8 motors exhibited fast and processive motility towards the minus ends of the MTs under high ionic strength conditions ( Fig. 1B ; Movie 1). We found that the rapid minus-end-directed motility of Cin8 motors led to their accumulation in bright clusters at or near MT minus ends (Fig. 1A,B) . To study the clustering of Cin8 motors, we first examined their intensity distribution (Fig. 1C) . Because in our experiments each Cin8 tetramer was labeled with twelve GFP molecules (three per Cin8 monomer), single imaginginduced GFP-photobleaching steps could not be observed (GersonGurwitz et al., 2011) . We used the TrackMate (Jaqaman et al., 2008) plugin of ImageJ to detect Cin8 particles (Fig. S1 ) and to determine Fig. 1 . Clustering of Cin8 at the minus end of MTs reverses its directionality. (A) Top: schematic presentation of a single-molecule Cin8 motility assay on plus-end-labeled MTs; Alexa-Fluor-633-labeled MTs (red); biotinylated MTs were marked at their plus ends with Alexa-Fluor-543 (yellow) and immobilized to the surface using an anti-biotin antibody. Arrows: direction of single molecules of Cin8 (green). 'B', biotin. Bottom: representative snapshot of Cin8-3GFP motility under high ionic strength conditions (right) on plus-end-labeled fluorescent MTs (left). MTs are numbered for presentation purposes (Movie 1). (B) Kymographs of Cin8 movement along MTs 1-6, numbered as in A. For representation purposes, the black and white colors in the kymographs have been inverted. The minus-ends of the MTs are always on the right. Directionality of the MTs is assigned based on plus-end labeling and/or the direction of fast-moving Cin8 molecules. (C) Intensity distribution of 141 Cin8 motors, collected from the first frame of the experiment shown in A and B. The red, blue, green and the gray lines represent the Gaussian fit of the first, second, third and fourth peaks, respectively. The mean intensities of Cin8 particles ±s.d. of the four peaks are indicated in matching colors. (D) Line-scan analysis of Cin8 distribution on the MTs. Left: images of Cin8 (top), and Cin8 and MT merge (bottom) of two representative MTs. Plus-and minus-ends are indicated along the bottom, based on the direction of fast-moving Cin8 particles. Right: line-scan analysis of Cin8 distribution along the length of the MT, shown on the left. Note: (i) the increased intensity of bright clusters at the minus ends of the MTs in the top and bottom panels, and (ii) an additional bright cluster of Cin8 on the bottom MT. (E) Velocity distribution of the total population of Cin8 particles (left) and bright clusters only, whose intensity is more than four times higher than the average intensity of single Cin8 molecules (∼1200 a.u.; right), the insert in the right-hand panel presents the velocity distribution of bright clusters within a smaller velocity range, divided into smaller bins. Mean velocity values, s.e.m., and the percentage of plus-end-directed movements are indicated at the bottom. (F) Representative kymographs of Cin8-3GFP movement on MTs under high ionic strength conditions, in controlled-start experiments, in which the imaging began 30-70 s following addition of Cin8. Red arrows point to the fast minus-end-directed movements, asterisks indicate the accumulation of Cin8 at the minus ends of the MTs. (B,F) Black arrows point to bright clusters moving in a plus-end direction. Gray arrows point to clusters moving in both plus-and minus-end directions. Asterisks indicate the accumulation of Cin8 at the minus-ends of the MTs. their fluorescence intensities. The distribution of Cin8 fluorescence intensity exhibited several peaks, with the first peak (lowest intensity) containing ∼65% of the Cin8 particle population (Fig. 1C ). The average Cin8 particle intensities of the second, third and fourth peaks were approximately twice, three and four times that of the first peak, respectively (Fig. 1C) . The Cin8 molecule population in the first peak consisted of mainly fast minus-end-directed molecules (see below). We have previously demonstrated, by photobleaching of a mixture of kinesin-5 dimers tagged with a single GFP molecule and Cin8 tagged with three GFP molecules, that single Cin8-3GFP tetramers exhibit fast minus-enddirected motility under high ionic strength conditions (GersonGurwitz et al., 2011) . Therefore, we conclude that in the present case, the intensities of Cin8 represented by the first peak reflect single Cin8 motors, while those in the second, third and fourth peaks are likely to represent clusters containing two, three and four Cin8 tetramers, respectively (Fig. 1C) .
We next examined the distribution of clusters along the MTs using line-scan analysis along the MT length (Fig. 1D) . We found that 5-15 min following the addition of Cin8 to the MTs, ∼96% of the MTs (53/55) exhibited a bright Cin8 cluster at the minus-end of the MTs, whose intensity was four times higher than that of the single Cin8 motors (Fig. 1D, top) . These data indicate that Cin8 clusters exhibit high affinity to the MT minus ends (Fig. 1A,B,D) . Interestingly, high affinity to the plus ends of the MTs has been demonstrated previously for plus-end-directed kinesin-5 motors (Chen and Hancock, 2015; Kapitein et al., 2005) . Similar minusend-directed clustering was also observed on Taxol-stabilized MTs (Fig. S2 ), although with a lower frequency of occurrence, where only ∼40% of the MTs exhibited clusters at minus ends. The difference may be due to fraying or instability at the minus ends of MTs stabilized with Taxol in contrast to MTs stabilized with GMPCPP (Arnal and Wade, 1995) . We also found that 44% of the MTs (24/55) exhibited at least one additional bright cluster along the GMPCPP-stabilized MT lattice (Fig. 1D, bottom) . Only ∼4% of the MTs (2/55) exhibited Cin8 clusters at both plus and minus ends of the MTs.
We found that about 60% of the bright Cin8 clusters observed on the MTs were motile, with 75% of the MTs (41/55) containing at least one moving Cin8 cluster. Surprisingly, in contrast to the rapid minus-end-directed motility observed for the majority of Cin8 motors ( Fig. 1B ; Movie 1), the velocity distribution of the bright clusters revealed a considerably slower average velocity as well as a considerably higher percentage of plus-end-directed motility events, compared to those aspects of the total population of motile Cin8 particles (Fig. 1E) . Slow minus-and plus-end-directed movements of bright Cin8 clusters were also observed on Taxolstabilized MTs (Fig. S2 , green and white arrows), although these events were less frequent compared to those on MTs stabilized with GMPCPP ( Fig. 1 ). These results demonstrate that while single Cin8 motors show fast motility in the minus-end direction, accumulation of Cin8 into clusters slows the motility and induces plus-end directionality. To observe Cin8 clustering formation kinetics, we performed an assay in which Cin8 motors were injected into flowchambers containing MTs immobilized to the glass surface, while being mounted for total internal reflection fluorescence (TIRF) imaging. Using this approach, we could monitor Cin8 motor motility as soon as 30-70 s after their interaction with the immobilized MTs on the glass surface (Fig. 1F) . We found that along some MTs, Cin8 clusters formed at MT minus ends as early as 30 s following Cin8 interaction with MTs. After 5 min, 80% of all MTs exhibited Cin8 clusters at their minus ends (Fig. 1F) . The distribution of the plus-and minus-end-directed motility of the clusters in these experiments was similar to that in the steady-state experiments (Fig. 1E) .
We next examined Cin8 motility along dynamic MTs to compare that with its behavior along GMPCPP-stabilized MTs, as the dynamic MTs represent the native tracks for Cin8 motors during mitosis. Dynamic MTs were polymerized in the presence of 1 mM GTP and 6 µM free tubulin ( Fig. 2 ; Movies 2-4). We found that, similar to its behavior on stabilized MTs, Cin8 exhibited attachment and clustering at the minus ends of dynamic MTs (Fig. 2B ,D and E; Movies 2, 3). Furthermore, we observed Cin8 tracking along the MT minus ends ( Fig. 2B ; Movies 2, 3). This clustering and tracking did not significantly affect the dynamic polymerization properties of the MT minus ends ( Fig. 2B and C) . Along dynamic MTs, Cin8 maintained rapid minus-end-directed motility (Fig. 2D ) as well as slower and bi-directional motility when assembled into clusters (Fig. 2 , white asterisks; Movie 4), with no significant binding to or tracking along the plus ends, except for a few sporadic events (Fig. 2F) . Our results indicate that Cin8 accumulates at the minus ends of stabilized and dynamic MTs, and that in both cases, clustering of Cin8 slows its motility and induces plus-end directionality, suggesting that this behavior may be relevant to the physiological functions of Cin8.
Cin8 clustering at the minus ends promotes MT capturing and plus-end-directed antiparallel sliding of stable and dynamic MTs
Kinesin-5 motors perform their essential mitotic functions by crosslinking and sliding apart antiparallel MTs. Thus, we next examined how the minus-end clustering of Cin8 is linked to its ability to crosslink and slide apart antiparallel MTs. We applied a three-color fluorescence TIRF microscopy strategy (Figs 3 and 4; Movies 5-9) in which one set of MTs was immobilized to the glass surface while the second set was free in solution. The addition of Cin8 motors promoted antiparallel sliding of the free MTs onto the immobilized MTs. We first confirmed that the Cin8 motors could slide apart MTs in a plus-end-directed manner, using polarity-marked GMPCPPstabilized MTs ( Fig. 3A ; Fig. S3A -C, Movies 5, 6). Cin8-induced MT sliding was slow, 17±2 nm/s (mean±s.e.m., n=27), consistent with previous data and with the rates of Cin8-induced spindle elongation in early anaphase in S. cerevisiae cells (Movshovich et al., 2008; Straight et al., 1998) .
We found that capture of a second MT and the subsequent MT plusend-directed sliding was mediated by Cin8 clusters at the minus ends on at least one of the two crosslinked MTs (Fig. 3A ,B, arrows; Movies 5, 6, MTs 1, 3, and Movie 7). In our experiments, the concentration of the free (yellow) MTs was kept low, to prevent excessive bundling by Cin8 motors. Therefore, using this approach, MT capturing and crosslinking events were fairly rare. Nonetheless, we observed a total of seven MT capture and subsequent crosslinkingsliding events, and in six of these cases, at least one of the two MTs was interacting via a Cin8 cluster located at its minus end. The directionality of the MTs was determined either by plus-end labeling ( Fig. 3A ; Movie 5) or by the presence of Cin8 clusters (Movies 6 and 7), which, as we have demonstrated (Fig. 1) , are located at the MT minus end in ∼96% of cases. Finally, we also observed ten pairs of MTs interacting at their ends, without sliding, whose interaction was mediated by a Cin8 cluster located at the ends of these MTs (Fig. S3D ,E and Movie 8), further supporting the notion that clustering of Cin8 at the minus-end of the MTs promotes MT capturing.
During antiparallel MT sliding, Cin8 motors were often localized to and co-transported with the leading minus end of the MTs, while Fig. 2 . Cin8 accumulates at and tracks along the minus ends of dynamic MTs. (A) Schematic presentation of a MT dynamics assay. Yellow, GMPCPPstabilized seed adsorbed onto the surface via an anti-biotin antibody; red, dynamic MTs; green, Cin8. 'B', biotin. (B-F) Representative kymographs of Cin8 movements on dynamic (dyn) MTs. In the merged images: red, dynamic MTs; yellow, GMPCPP-stabilized seeds; white, Cin8. The plus and minus ends of the MTs are indicated at the bottom, based on the dynamics characteristics at the two ends. Scale bars: 10 µm (horizontal); 100 s (vertical). (B,C) Long-term and (D) short-term imaging. Vertical red arrows point to Cin8 attachment and tracking along the minus-end of dynamic MTs. MT 1 in Movie 2 is shown in B, left panels. (C) Example of lack of Cin8 attachment to the MT minus end. Yellow arrows indicate the tracking of Cin8 along MT plus ends. (E) Examples of bi-directional and plus-end-directed movements of Cin8 clusters on dynamic MTs and GMPCPP-stabilized seeds. White asterisks indicate slow bi-directional and plus-enddirected bright Cin8 particles. Green asterisks indicate Cin8 cluster-splitting events. The splitting of the Cin8 cluster shown in the upper-left panel is shown in Movie 4. (F) Two sporadic events of Cin8 tracking on a depolymerizing plus end. Minus ends of the MTs were not observed in these examples. The plus end was assigned based on the dynamics of this end. Note: Cin8 tracking on growing and shrinking MT plus ends was extremely rare and was only observed on one occasion (Fig. 2B, right MT) .
some Cin8 clusters remained stationary in the overlapping zone ( Fig. 4A and B; Movie 6, MTs 2, 3), suggesting that clusters of Cin8 mediate MT sliding. Indeed, in the examples shown in Fig. 3A (Movie 5) and Movie 7, during sliding, a free MT was observed pivoting around a single Cin8 motor cluster located at the minus end of the surface-immobilized MT, indicating that these clusters of Cin8 drive the antiparallel sliding of the free MT. Moreover, on a single occasion, we observed a sliding MT that switched between two stationary MTs on the surface that were nearly perpendicular to one another. The switching between the two stationary MTs was mediated through translocation of a Cin8 cluster located near to the minus end of the sliding MT ( Fig. 4B ; Movie 6, MT 3). Overall, we observed seven examples of Cin8 cluster-mediated MT sliding, arising through either MT pivoting ( Fig. 3A ; Movies 5 and 7) or through a change in the direction of a mobile MT within a stationary MT array ( Fig. 4B ; Movie 6, MT 3), supporting the idea that Cin8 clusters promote the antiparallel sliding of MTs.
In addition to sliding apart stabilized MTs, Cin8 was also able to slide apart dynamic MTs by forming clusters near to dynamic MT minus ends ( Fig. 4C; Movie 9 ). Taken together, our results demonstrate that in contrast to the view that the kinesin-5 Cin8 is equally distributed in the overlapping zone between two antiparallel MTs, clusters of Cin8 motors mediate the initial antiparallel MT capturing and sliding apart, driven by plus-end-directed motility near to the MT minus ends. Our data also demonstrate that as the overlap between the two antiparallel MTs increases, the clusters of Cin8 become dispersed and Cin8 motors become more equally distributed between the two sliding MTs (Figs 3 and 4A) . Thus, it is likely that as the overlap between the antiparallel MTs increases, the contribution to sliding of Cin8 in the overlapping region increases, consistent with previous findings relating to kinesin-5 in higher eukaryotes (Kapitein et al., 2005) .
Before spindle assembly, Cin8 clusters near to the SPBs through its minus-end-directed motility Our in vitro data indicate that Cin8 exhibits fast minus-end-directed motility and clustering at the minus end of single MTs (Fig. 1) , and that it distributes in the MT overlap region during antiparallel MT sliding (Figs 3 and 4A ). Based on these data, we predicted that in cells, before spindle assembly, Cin8 should accumulate near the spindle poles, at the minus end of the nuclear MTs, while in the assembled spindles, Cin8 should be distributed between the poles, on the overlapping spindle MTs. To test this prediction, we examined the in vivo localization of Cin8 motors before and following the assembly of mitotic spindles (Fig. 5) . Indeed, we found that in small-budded early mitotic yeast cells with monopolar spindles, Cin8 localized at the SPBs and not along the MTs, consistent with its minus-end-directed motility on the nuclear MTs. These data are also consistent with previous reports showing that when Cin8 is expressed in the cytoplasm due to a mutated nuclear localization sequence, Cin8 concentrates near the SPBs, likely as a result of its minus-end-directed motility along cytoplasmic MTs (Duselder et al., 2015; Roostalu et al., 2011) . Furthermore, this localization of wild-type Cin8 is similar to that of the bi-directional (Edamatsu, 2014) S. pombe kinesin-5 Cut7 in pre-assembled A montage of images at selected time points is shown, indicated at the bottom left of each frame (seconds). Cin8 leads the switch between the two red MTs. Arrows indicate the cluster of Cin8 that leads the switch of the yellow MT on top of the two red MTs. (C) Cin8 promotes crosslink and sliding apart of dynamic MTs (Movie 9). Kymographs of Cin8-mediated sliding of MTs in a dynamics-permitting experiment, as described in Fig. 2 . In the left-hand kymographs, sliding of one GMPCPP-stabilized seed on top of the other is observed. Both seeds promote MT dynamics, second kymograph from the left. White arrow points to a gap between the two stable seeds, indicating that they are held together by Cin8-mediated crosslinking of at least one dynamic MT. Yellow arrows point to Cin8 tracking along the minus ends of the dynamic MTs. Yellow asterisks indicate the Cin8 particles that are likely to crosslink the dynamic MTs (Movie 9).
spindles (Hagan and Yanagida, 1992) . In contrast to wild-type Cin8, a tail-less mutant of Cin8 that contains the SV40 nuclear localization sequence did not concentrate solely at the SPBs in the preassembled spindles. Instead, it was found in different locations within the nucleus (Fig. 5B) . Under high ionic strength conditions, the tail-less Cin8 mutant moves bi-directionally while the wild-type Cin8 is exclusively minus-end directed (Duselder et al., 2015) . Thus, SPB localization of wild-type Cin8 but not of the tail-less variant strongly indicates that before spindle assembly, the minusend-directed motility of Cin8 is required for its localization near to the SPBs.
In contrast to the pre-assembled spindles, when the SPBs separated, Cin8 localized in the region between the SPBs, along the spindle MTs (Fig. 5C ). This localization is consistent with Cin8 cross-linking activity on antiparallel interpolar MTs. At this stage, some Cin8 was also located near to the SPBs (Fig. 5C ), which can result from Cin8 clustering at the minus end of the interpolar MTs, similarly to its localization at the pre-assembled spindles (Fig. 5A) . Alternatively, the localization of Cin8 in the vicinity of the SPBs in the bipolar spindles can result from Cin8 binding to the kinetochores, which at this stage are congressed near to the SPBs (Tytell and Sorger, 2006) , and/or at the short kinetochore MTs (Gardner et al., 2008) . Thus, we find that although before SPB separation, Cin8 is localized exclusively at the minus end on nuclear MTs near to the SPBs, part of Cin8 relocates to the antiparallel spindle MTs following SPB separation. We propose that before spindle assembly, the localization of Cin8 near to the SPBs through its minus-end-directed motility is essential for the spindle assembly function of Cin8.
DISCUSSION
Since the discovery of the bi-directional motility of Cin8, the mechanism of this bi-directionality has been examined in several studies. On the one hand, it has been suggested that in multi-motor and antiparallel sliding assays, the switch to the plus-end directionality is induced by the Cin8 motors coupled through the MT that they interact with (Roostalu et al., 2011) . This model was mainly based on the finding that the switch from minus-to plus-enddirected motility in the multi-motor gliding assay was dependent on MT length -the longer the MTs, the greater the likelihood of plusend-directed motility -indicating that the number of motors interacting with the same MT determines the directionality (Roostalu et al., 2011) . On the other hand, it has also been shown that the ability of Cin8 to move in both directions is an intrinsic property of Cin8 motors since the large insert in loop 8 of the catalytic domain affects the directionality of Cin8 in the singlemolecule motility assay ) and a dimeric chimera comprising the motor domain of Cin8 and dimerization domain of kinesin-1 moves in both plus-and minus-end directions (Duselder et al., 2015) . Here, we describe a different, new mode of directionality switch of Cin8, induced by its accumulation in clusters on single MTs (Fig. 1) . This new directionality-switch behavior suggests that it is controlled by allosteric intermolecular interactions between multiple tetrameric Cin8 motors in a cluster. (B) Cells with pre-assembled spindles expressing a GFP-tagged tail-less mutant of Cin8 (Cin8-Δtail-SV40-3GFP). In contrast to the wild-type Cin8, this mutant has been previously shown to move bi-directionally under high ionic strength conditions (Duselder et al., 2015) . Orange arrows point to Cin8 localization away from the SPBs. (C) Cells with bipolar spindles expressing Cin8-3GFP (top) or tubulin-GFP (bottom). Cin8 localized near to the SPBs, as well as between the SPBs (white arrows), probably along the spindle MTs (green arrows).
These interactions are likely to be labile since we occasionally observed the splitting of clusters on MTs, resulting in sub-clusters with different directionalities (Fig. 2E , green asterisk; Movie 4). Possible pathways of cluster formation in vitro are proposed in Fig.  S4 ; more work is required to elucidate the mechanism of motorcluster formation and how clustering of motors controls their motile properties. Intermolecular interactions among Cin8 motors in a cluster may involve the conserved kinesin-5 tail domain, which emerges in proximity to the motor domain in the kinesin-5 tetramer (Scholey et al., 2014) and has been shown to influence the directionality of Cin8 (Duselder et al., 2015) . Cin8 motor clustering may also involve additional structural elements such as the uniquely long loop 8 in the Cin8 motor , or phosphorylation of Cdk1-specific sites in the motor domain of Cin8, which have been shown to affect the spindle localization of Cin8 during anaphase (Avunie-Masala et al., 2011) as well as its motile properties and directionality in vitro (Shapira and Gheber, 2016) .
We show that clustering of Cin8 on single MTs promotes capturing, crosslinking and sliding apart of antiparallel MTs (Figs 3 and 4), and that prior to spindle assembly, Cin8 forms clusters near to the SPBs as a result of its minus-end-directed motility (Fig. 5) . Based on these biochemical and in vivo data, we propose a revised model for tetrameric Cin8 motor function in mitotic spindle assembly and propose a physiological role for its bi-directional motility (Fig. 6) . Before spindle assembly, Cin8 exhibits minusend-directed motility and concentrates into clusters at the minus ends of nuclear MTs, near to the SPBs (Fig. 6A) . At this location, clusters of Cin8 capture MTs emanating from the neighboring SPB (Fig. 6B ) and promote their plus-end-directed antiparallel sliding. The antiparallel MT overlap due to Cin8-mediated crosslinking and/ or sliding apart induces the initial separation of the two SPBs (Fig. 6C) to form the bipolar mitotic spindle (Fig. 6D ). In this model, the accumulation of Cin8 near to the SPBs and capture of antiparallel MTs at this location are the key steps for Cin8-mediated SPB separation and spindle formation. It has previously been shown that before bipolar spindle assembly in S. cerevisiae cells, duplicated SPBs are located in close vicinity with limited overlap between the nuclear MTs (Lim et al., 1996; Peterson and Ris, 1976) . We propose that clustering of Cin8 near to the SPBs at this initial state is required to maximize the crosslinking of nuclear MTs emanating from the neighboring SPBs. Moreover, before the initial SPB separation, the nuclear MTs emanating from the neighboring SPBs interdigitate in a near-parallel manner, thus, clusters of Cin8 may provide the required flexibility and force to slide apart iMTs that are not oriented in an antiparallel manner, inducing the initial separation of the SPBs.
The role of Cin8 in the assembly and maintenance of the bipolar spindle is well established Saunders and Hoyt, 1992) . It has previously been demonstrated that a motor domain mutant, Cin8-R196K, that is partially impaired in the ability to promote surface MT gliding in a multi-motor motility assay can facilitate spindle assembly in the absence of Kip1, which has overlapping functions with Cin8 (Crasta et al., 2006; Gheber et al., 1999) , suggesting that the motility function of Cin8 is not required for spindle assembly. Since the antiparallel MT sliding activity of the Cin8-R196K mutant has not yet been examined, it is to be determined whether force generation by Cin8 is required for spindle assembly. Nevertheless, we propose that localization of Cin8 near to the SPBs is essential before spindle assembly to mediate the initial SPB separation either by capturing or by capturing and sliding apart antiparallel MTs emanating from the neighboring SPBs.
Thus far, three kinesin-5 motors have been shown to be bidirectional: S. cerevisiae Cin8 and Kip1 (Fridman et al., 2013; Gerson-Gurwitz et al., 2011) , and S. pombe Cut7 (Edamatsu, 2014) . The three homologs are expressed in yeast cells that divide using 'closed mitosis' without nuclear envelope disassembly. In higher eukaryotes, which divide using 'open mitosis' due to nuclear envelope breakdown, the cytoplasmic dynein has been shown to contribute to the initial spindle-pole separation and cooperate with kinesin-5 function in spindle assembly (Clift and Schuh, 2015; Sommi et al., 2011) . In contrast, in S. cerevisiae and S. pombe cells, it has been shown that dynein does not serve a role in mitotic spindle assembly (Courtheoux et al., 2007; Eshel et al., 1993) . We propose that with no external pulling force provided by dynein, the minusend-directed motility of yeast kinesin-5 motors is required to cluster the protein at the MT minus-ends and to provide the initial SPB separation needed for spindle assembly. The minus-end-directed motility of Cin8 and its ability to capture and slide antiparallel MTs by clustering at the MT minus end may therefore be a demonstration of the evolutionary adaptation of this protein to perform its essential function in spindle assembly. 
MATERIALS AND METHODS
Overexpression and purification of Cin8 for in vitro assays
Cin8 overexpression was performed in a protease-deficient S. cerevisiae strain containing a 2 μm plasmid for Cin8-3GFP-6His expressed from the pGAL1 promoter [LGY 4054 (MATα, leu2-3,112, reg-1-501, ura3-52, pep4-3, prb1-1122, gal1, ( pOS2: 2μ, LEU2 , P GAL1 -CIN8-3GFP-6HIS)]. Cin8 purification was performed as previously described . Cultures were grown in 1-4 l of minimal medium supplemented with 2% raffinose to mid-log phase. For induction of Cin8 expression, 2% galactose was added and the culture was grown for an additional 5 h. Cells were pelleted, washed once with purified water and twice with lysis-binding buffer [500 mM NaCl, 10% glycerol, 2 mM β-mercaptoethanol, 1 mM PMSF, 1 mM MgCl 2 , 0.1 mM ATP, 0.2% Triton X-100, Complete protease inhibitor (Roche), protease inhibitor cocktail for histidine-tagged proteins (Sigma), 0.1 µg/ml leupeptin, 0.2 µg/ml aprotinin, 0.1 mM benzamidine, 50 mM Tris-HCl, pH 8] and ground using a cryo-beads mill. The ground cells were thawed and centrifuged at 15,000 g for 20 min at 4°C. Ni-NTA beads (Invitrogen) were added to the cell extract, and binding was allowed to occur for 1.5 h on a shaker at 4°C. The mix was loaded onto a column and washed with 3-5 column volumes of wash buffer (500 mM NaCl or KCl, 30 mM imidazole, 10% glycerol, 1.5 mM β-mercaptoethanol, 1 mM MgCl 2 , 0.1 mM ATP, 0.2% Triton X-100, 50 mM KH 2 PO 4 , pH 8). The protein was eluted with 2-5 ml of elution buffer (500 mM NaCl or KCl, 350 mM imidazole, 10% glycerol, 1.5 mM β-mercaptoethanol, 1 mM MgCl 2 , 0.1 mM ATP, 0.2% Triton X-100, 50 mM KH 2 PO 4 , pH 8). The eluent was collected in 200-500 µl fractions, and aliquots were analyzed by SDS-PAGE and western blotting analysis for detection of Cin8. The selected fractions were aliquoted, snap frozen and stored until use at −80°C.
In vitro single molecule MT-Cin8 motor motility assays
Single-motor motility assays and dynamic MT polymerization assays were performed at 28°C and 37°C, respectively, in flow chambers assembled using a clean and freshly salinized coverslip using a double-sided tape, as previously described (Al-Bassam, 2014) . Surfaces were coated with biotinylated bovine serum albumin (Sigma-Aldrich, A8549) and then treated with NeutraAvidin (Life Technologies, A2666) to attach biotinylated MTs along surfaces. Alternatively, surfaces were treated with a mouse monoclonal anti-biotin antibody (Invitrogen), then pacified using 1% pluronic acid F-127, following which biotinylated MTs were attached. Flow chambers were treated with MB1 (10% glycerol, 175 mM NaCl-KCl, 2 mM MgSO 2 , 1 mM EGTA, 30 µg/ml casein, 1 mM DTT, 3 mM ATP, 50 mM Tris-HCl, pH 7.2, 30 mM PIPES). For Cin8 motility (Fig. 1) , 20 µl of 0.1-4 µg/ml Cin8 in MB1 buffer was added to the immobilized MTs, and the MTs were immediately imaged using a TIRF microscope. For the dynamic MT assay (Fig. 2) , 0.6-1 mg/ml tubulin, 0.1 mg/ml tubulin-Alexa-Fluor-543 and 3 µg/ml Cin8 in PCB (10% glycerol, 135 mM KCl, 1 mM MgCl 2 , 1 mM EGTA, 30 µg/ml casein, 1 mM DTT, 1-2 mM GTP, 3 mM ATP, 80 mM PIPES, pH 7.2) were added to immobilized Alexa-Fluor-633-labeled GMPCPP-stabilized seeds. For antiparallel MT sliding assays (Figs 3 and 4) , Alexa-Fluor-543-labeled MTs diluted 1:10 in MB1 and 2 µg/ml Cin8 were added to the immobilized Alexa-Fluor-633-labeled MTs. Imaging was performed using a Nikon TImicroscope-equipped TIRF objective and optical launch operating three solid-state lasers at 488 nm, 561 nm and 640 nm wavelengths, with 2-4 s intervals for each of the three wavelengths using optical excitation and emission filters for each wavelength. Kymographs, line-scans and montages were created using the freely available ImageJ software (https://imagej.nih. gov/ij/). Velocities were obtained from kymographs by measuring the slopes of directional movements, as previously described (Shapira and Gheber, 2016) . Directionality of the MTs was assigned based on plus-end labeling and/or the direction of fast-moving Cin8 molecules, or based on the direction of movement of a MT during antiparallel sliding. Fluorescence intensity distributions of Cin8 particles were determined with the use of the TrackMate (Jaqaman et al., 2008) ImageJ plugin (http://imagej.net/TrackMate). Statistical significance was determined using a two-tailed Student's t-test.
Live-cell imaging
Live-cell imaging was performed as previously described (Duselder et al., 2015; Fridman et al., 2013 ) using cells co-expressing the SPB-localizing Spc42-tdTomato with Cin8-3GFP ura3, leu2, his3, lys2, cin8 ::LEU2, spc42::KanMX-SPC42-TdTomato ( pVF68: CEN, URA, CIN8-3GFP)] or tubulin-GFP (LGY-4425: α, ura3, leu2, his3, lys2, GAL+, ADE2, his3::TUB1-GFP-HIS3, spc42::KanMX-SPC42-TdTomato). Cells were grown overnight in medium lacking tryptophan; 2 h before imaging, the cells were diluted 10-fold. A small sample of cells was placed on a lowfluorescence agarose gel on a slide. Images were acquired at room temperature using a Zeiss Axiovert 200M-based microscope setup equipped with a cooled CCD Andor Neo sCMOS camera, and MetaMorph (MDS Analytical Technologies) software. Images of z-stacks of 11 slices were obtained with a microscope in three channels, with a separation of 0.5 μm between planes.
Note added in proof
During the revisions of this manuscript, it has been reported that the S. pombe kinesin-5 Cut7 switches directionality as a result of MT crowding by motile or non-motile proteins (Britto et al., 2016) . This property of Cut7, and the ability of Cin8 to switch directionality by motor-clustering reported here, may result from a similar control mechanism, pointing to generality of the reported phenomena. Figure S1 : Detection of Cin8 particles by TrackMate plugin for ImageJ. TrackMate (Jaqaman et al., 2008) plugin for ImageJ was used to detect Cin8 particles in raw data unprocessed images. (A) Representative image of Cin8-3GFP particles bound to MTs (which are not visible in this view); (B) Cin8 particles detected by TrackMate are circled in purple. Once a Cin8 tetramer is bound at the minus-end of the MT (tetramer "a"), clustering of incoming Cin8 tetramers may occur via the tail domains (see main text) or additional structural elements. Cin8 clustering may tune the motor domain motility resulting in slow motility of Cin8 motors in clusters, about half of which become directed toward MT plus-ends (Fig. 1E) ; Our data indicate that about half of the MTs contained additional Cin8 clusters throughout their length (Fig. 1D) . These additional clusters can bind directly from the solution (cluster "g-h") or can possibly be initiated by a Cin8 motor that has stopped during its motility along MTs (tetramer "e") and encounter a minus end directed Cin8 molecule (tetramer "f") to form a cluster (cluster "e-f"). Clusters at the middle of MTs can also result from the plus-end-directed motility of clusters that initiated at the MT minus-ends. Some single Cin8 tetramers move on protofilaments that do not contain clusters or motors, and detach from the minus-ends of the MTs without nucleating a cluster (tetramer "d") . Based on the number of Cin8 motors on the MTs (Fig. 1B, D , and F) we estimate that less than 10% of the motors accumulate into clusters. MT at the bottom illustrates merge of clusters (clusters "f-e" and "g-h"), and splitting of a cluster (cluster "a-b-c") resulting in particles with different directionalities.
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